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Abstract

We study the effect of routing protocolson the perfor

manceof mediaaccessontrol (MAC) protocolsin wire-

lessradio networks. Threewell known MAC protocols:
802.11,CSMA, and MACA are considered. Similarly

threerecently proposedrouting protocols: AODV, DSR
and LAR schemel are considered. The experimental
analysiswvascarriedoutusingGloMoSim: atool for sim-
ulating wirelessnetworks. The main focusof our exper

imentswasto studyhow the routing protocolsaffect the
performanceof the MAC protocolswhenthe underlying
network and traffic parametersare varied. The perfor

manceof the protocolswasmeasuredv.r.t. fiveimportant
parametersi(i) numberof receved paclets, (i) average
lateng of eachpaclet, (i) throughputiv) longtermfair-

nessand(v) numberof control packetsat the MAC layer
level. Our resultsshowv that combinationsof routing and
MAC protocolsyield varying performanceaundervarying
network topologyandtraffic situations.Theresulthasan
importantimplication;no combinationof routing protocol
andMAC protocolis thebestoverall situations.Also, the
performanceanalysisof protocolsat a givenlevel in the
protocolstackneedto be studiednot locally in isolation
but asa part of the completeprotocolstack. A novel as-
pectof ourwork is theuseof statisticatechnique ANOVA

(Analysisof Variance)to characterizehe effect of routing

protocolson MAC protocols. This techniqueis of inde-
pendeninterestandcanbe utilized in several othersimu-
lation andempiricalstudies.

1 Introduction and Motivation

Design of protocolsfor wirelessmobile networks have

networkswhich do not rely on ary fixedinfrastructuren
the form of basestations. The pioneeringwork in this
field hasbeendoneby DARPA which sponsoredPRNET
(Packet RadioNetwork) [JT87], andSURAN (Survivable
Adaptive Networks) [SW] projects. Interestin ad-hoc
networks for mobile communicationhasalsoresultedin
a specialinterestgroup for Mobile, Ad-hoc Networking
within the InternetEngineeringraskForce(IETF) [MC].
The goal of this paperis to undertalke a system-
atic experimentalstudy to analyzethe performanceof
MA C/routing protocol combinationfor wirelessad-hoc
networks. In particular we areinterestedn determiningf
the performanceof a particularMAC protocolis affected
by the specificroutingprotocolsusedandvice-versa.
SeeSection2 for additionaldetails.

MAC Protocols.  Threewell known MAC protocols
are considered: CSMA, MACA and 802.11DCF. The
choiceof theseprotocolsis baseduponthe earlierwork
in [BD+94, WS+97 RLPO0Q. The carriersensamultiple
acces{CSMA) first senseghe channelfor any ongoing
transmissionslf the channelis emptythetranscever be-
gins transmissiongelseit backsoff a randomamountof
time andtries again. The main drawback of this proto-
col is it inability to cope with the classicalhiddenter
minal problem. Many protocolshave beenproposecto
avoid the hiddenterminal problem. Two notableexam-
plesarethe MACA [Ka90] and MACAW [BD+94] pro-
tocols. MACA introduceda resenation systemachieved
with exchangeof anRTS/CTS(Requesfio Send/Cleailo
Send)pairof controlpaclets.Ontheotherhandtheproto-
col doesnot explicitly heckto seeif the channelis empty
beforeinitiating the RTS/CTS handshak&. Thus CSMA
and MACA represeninterestingcaseswhereinone can

beengainingmomentumin therecentyears.Researchers seetherelative meritsof collision avoidancemechanisms:

direct their effort towardsdesignof protocolsat various
levels of the protocolsstack. Theseinclude MAC layer
protocols,routing protocolsandtransportatioriayer pro-
tocols;nowadaysheseareconsidere@sindependensets
of protocolsthat interactwith eachother This effort is
very challenging,especially in caseof ad-hocwireless

carriersensingversusRTS/CTS.MACAW builds on this
ideabut alsorecognizesheimportanceof congestionand
exchangeof knowledgeaboutcongestiorievel amongen-
tities participatingin communication An advancedback-
off mechanismis usedto spreadinformationaboutcon-
gestion. Furthermore the basic RTS/CTS/DATA reser



vation schemahasbecomean RTS/CTS/DS/IATA/ACK

schemawith significantlyimprovedperformanceln these
protocolsmessageriginatorsresenereceptiorareaatthe
sink by exchangeof RTS/CTScontrol messagesThis is

in contrastto CSMA whereresenation was doneat the
source.Thispowerful methodhasadrawvbackof introduc-
ing smallcontrolpacletsinto thenetwork thatlatercollide

with otherdata,control, or routing paclets. IEEE 802.11
MAC standardOP] wasdesignedvith aresenationsys-
tem similar to MACA or MACAW in mind. 802.11has
alsoimproved fairnesscharacteristics.Detailed descrip-
tion of theseprotocolsand the issuessurroundingthem
are omitted due to lack of spaceand can be found in

[BD+94, 802.11.

Routing Protocols.  We briefly review therouting pro-
tocols usedin our simulations: DSR, AODV, and LAR
schemel [IM96, PR99,KV98]. Againthechoiceof these
protocolsis basedupontheearlierwork in [DP+, BM+98,
JL+0Q on experimentallyanalyzingsomeof theseproto-
cols. To our knowledgethe performanceof LAR scheme
1 hasnot beenextensiely investigated All of thesepro-
tocols are on-demand(reactive) routing protocols— i.e.
routes are found on a needto know basis. The Dy-
namic SourceRouting Protocols(DSR) was introduced
by [JM96]. A nodein the network maintainsrouting in-
formationon nodegthatareknown to it. Whenthe source
node needsrouting information, and this information is
not in its nodecacheor the information hasexpired, the
nodeinitiates a route discovery. The node sendsout a
routerequesipaclket (RREQ)that containsthe addresof
the sourceand destinationnode,anda uniqueidentifica-
tion number Eachintermediatenode checkswhetherit
containgrouteinformationon the destinatiomode.If not,
it appendsts addresgo the routerequestpaclet, andre-
sendghepacletto its neighbors Addresse®f intermedi-
atenodesareusedto ensurghatagivennodeforwardsthe
route requestpaclet only once. The routereply (RREP)
is eitherproducedy anintermediatenode,or thedestina-
tion node.In the formercasetherouteinformationof the
intermediatenodeis used,andis appendedo thereversed
sequencef addressefom intermediatenodesijn thelat-
ter casetheroutereply is formedcompletelyby the desti-
nationnodeby reversingthe sequencef addressefrom
intermediatenodes. Routemaintenances performedby
the protocolif thereis a fatal problem,e.g.,a routewas
disconnectedby a nodefailure. In this casethe protocol
generates RouteError (RERR) paclet. Nodesthat re-
ceivethis pacletadjusttheir nodecachedy removing the
routeinformationon routesbeyondthe failednode.DSR

alsousesacknavledgmentpacletto verify correctopera-
tion of its discoveredroutes.

The Ad-hoc On-demand Distance Vector Routing
(AODV) [PR99 is an extension of the Destination-
SequencedistanceVector Routing (DSDV) [PB94] in
the directionof reactve behaior. DSDV is basedon the
classicaBellman-Ford routingalgorithm.In DSDV each
nodemaintainsa tablethatlists all availabledestinations.
It alsoroutesto them the numberof hops(or ary other
metric) necessaryo reachsucha destinationalongwith
next hop information, and a sequencenumberto distin-
guishbetweerold andnew routes.Eachnodeperiodically
transmitstheroutingtableto its neighborswvhich incorpo-
ratethatinformationinto their own routingtable. This ex-
changecanbealsotriggeredby significantchangesn the
network. Theroutingtableupdategresenteitherasincre-
mentalor full. Eachnodeassigns uniquesequencaum-
berto the routing updates.The sequence&umberis used
to keeptrackof new andold routesin nodecache AODV
triesto minimize the numberof routing table updateshy
spavning this mechanisnon need-to-knav basis.Whena
sourcenodeneeddo find arouteto adestinatiorit broad-
castsaarouterequespaclet. Thispacletis forwardedover
the network andforwardingnodesstorethe nodeaddress
fromwhichtherouterequestamefor thefirsttimein their
routingtables.This informationis laterreversedandused
by therouterequespacletto find therouteto the source.
Therouterequespacketsusesequenceumbergo ensure
loop-freeroutes. Whenthe routerequestpacket encoun-
tersan intermediatenodewith information on the route
to thedestinationpr the destinatiomodeitself, it follows
theroutethatwasusedto reachthis nodeandon the way
updatesoutingtablesof intermediatanodeswith therout-
ing informationto thedestination This mechanisnis also
spavn by link failure,or otherfatal problems.

Location-AidedRouting (LAR) [KV98] comesin two
flavors: Schemel and Scheme2. We briefly describe
Schemel. In this protocol, compleity of routingis re-
ducedby usingthe physicallocationinformation,i.e., by
limiting thesearcho asmallerzone.Theexpectedzoneis
producedrom theinformationaboutthe physicalwhere-
aboutsof the destinationnode. Schemel producesthe
smallestrectanglethat containsthe sourcenodeand the
expectedzone. This rectangleis calledthe requestzone
When a sourcenodessendsout a route requestthis re-
questincludescoordinateof the requestzone. Interme-
diatenodesareallowedto forwardthe routerequesonly
to nodeswithin therequestzone. This requestzoneis not
modified by forwarding nodes. Forwarding mechanism



for LAR is similarto DSR.

Eachroutingprotocolandsimilarly eachMA C protocol
hasits relative merits and shortcomings.Due to lack of
spacevereferthereadeto [DP+, JL+00, RLPOQ BD+94,
TCGO] for arelative comparison.

2 Summary of Results and Implica-
tions

2.1 Overall Goal

We empirically characterizehe effect of the interaction
betweertherouting layerandthe MAC layerin wireless
radio networks. We only considerstaticnetworksin this
paper A follow on paperconsiderghe effect of mobility.
The work is motivatedby researchof (i) [Ba98 BS+97]
that studiesthe interactionbetweenTCP and the lower
levelsof the OSl stack(ii) [WS+97, NK+99, BD+94] that
experimentallyanalyzesMAC layerprotocolsand(iii) re-
centresultsby Royer et.al. [DPR0Q DP+, RLP0OQ that
note the interplay betweenRoutingand MAC protocols.
In [DPROQ, the authorsconcludeby saying— “This ob-
servationalso emphasizeshe critical needfor studying
interactionsbetweerprotocollayerswhendesigningwire-
less network protocols”. In [RLPO(, authorsconclude
thatthe MAC protocolselectionis akey componentin de-
terminingtheperformancef aroutingprotocolandhence
mustbe considerediy ary comparatie study of routing
protocols.

In order to analyze the issue of interaction rigor-
ously, we resortto the popularstatisticaltechniquecalled
ANOVA (the Analysis of Variance). ANOVA is com-
monly usedby statisticiango studythe sourcesof varia-
tion, importanceandinteractionsamongvariablest How-
ever, to the bestof our knowledge,a detailedstudyaimed
towards understandinghe effect of interactionbetween
MA C androuting protocols,usingformal statisticaltools,
hasnot beenundertalen prior to this work. Suchmeth-
ods provide simple yet formal and quantifiableways to
characterizenteraction. We believe that theseideasare
of independeninterestandarelik ely to be usefulin other
similar settings.

Apart from routing and MAC protocols,we studythe
effect of injection rate and network topologyon the per

1ANOVA is a linear model. There are alternatves available to
ANOVA which can handle much more comples statistical problems.
Bayesian inference Using Gibbs Sampling is one such non-linear
methodwhich performsBayesiananalysisof complex statisticalmod-
elsusingMarkov chainMonte Carlo(MCMC) methods.

formancevariables.Thusourinputvariablesare:

1. Routing protocols: AODV, DSR,LAR1. Theseare
denotedby R;, 1 < ¢ < 3. The setof routing
protocolswill be denotedby R. The routing proto-
colswerechoserkeepingin mind the recommenda-
tions madeby [DPR0OQ JL+0( after undertakinga
detailedexperimentalstudy of recentrouting proto-
cols.

2. MAC protocols: 802.11,CSMA andMACA. These
aredenotedby M, 1 < k < 3. Thesetof MAC
protocolswill be denotedby M. Again the choice
of theseprotocolsis basedon the studyin [RLPOQ,
WS+97.

3. Injection rates: low (0.05second)medium(0.025
second)and high (0.0125 second). The injection
ratesaredenotedby I;, 1 < [ < 3. Thesetof
injectionrateswill bedenotecby I.

4. Network topologies: medium connectvity grid
(Figure 5(a)(A)), high connectvity grid (Fig-
ure 5(a)(B)) and 6x6-3x3-6x6 corridor grid (Fig-
ure5(b)). The choiceof the networksis basedupon
earlierwork in [BD+94, WS+97

Our evaluationcriteriaconsistsof following basicmet-
rics: (i) Latency: Averageendto end delay for each
paclet asmeasuredn secondsandincludesall possible
delayscausedyy buffering during route discovery, queu-
ing and bacloffs, (ii) Total numberof paclets receved
(andin somecasegacletdeliveryfraction)(iii) Through-
put: Thetotal numberof uniquedatapacletsrecevedin
bits/second(iv) Long term fairnessof the protocols,i.e.
the proportionalallocationof resourcegjivento eachac-
tive connectionand (v) Contol Overhead: The number
of control pacletsusedby MAC layer Eachof thein-
put parameterandthe performancemeasuresonsidered
herehave beenusedby earlierexperimentalstudiessuch
as[DPR00,DP+,BM+98, KV98, RLP00,RS96].

The generalresultsof this papercanbe summarizeds
follows.

1. Theperformanceof MAC layerprotocolsis affected
by the routes chosenby the routing layer Not
surprisingly whentwo routessharemary common
nodes,their performanceendsto be worsethanin
scenariosvhenthe routesdo not sharemary com-
mon nodes. More interestingly MAC layer perfor
mancedeteriorateseven when routesdo not inter-
sectbut comecloseenough.As a result,the taskof



adaptve routing protocolsthatattemptto modify the
routesafter sensingheload on individual links (i.e.
they areadaptve) becomesomplicated.

. The worst performeramongthe three protocolsis
MACA. This is somavhat surprisingalthoughsim-
ilar results have also been reported by [RLPOC.
MACA builds on CSMA/CA andthusonewould ex-
pect somavhat better performance. But it appears
that the RTS/CTS overheadoffsetsthe gains made
in successfutransmission.At lower injection rates,
802.11wasthebestof thethreewhile athigherinjec-
tion ratesCSMA performsbetteraslong astheinter
actionamongactive connectionsvaslow. Thedrop
in performancdor 802.11wasmuchmoredrasticat
higherinjectionrates.This dropis largely dueto the
increasein RTS/CTS/ACK control paclets. Again,
routing protocolsplay a significantrole in determin-
ing theloadsandinjectionratesatanode.

. The performanceof protocols varies significantly
from onerunto anothemwith regardsto theresources
assignedo connectionsCSMA (andalsootherpro-
tocolsto someextent)tendsto inequitablyassignre-
sourcedo the two connections.One of the reasons
for this behavior is interactionof the MAC layerpro-
tocol with the routing protocolwith subsequenim-
pactontothelongtermfairness.

Themainconclusionof ourwork is thatno singleMAC
protocol or MAC/Routing protocol combination domi-
natedthe other protocolsacrossvarious measues of ef-
ficiency This motivatesthe designof a new classof pa-
rameterizedprotocolsthat adaptto changesin the net-
work connectity and loads. We refer to theseclass
of protocolsasparameterizecdaptiveefficient protocols
(PARADYCE) andasa first stepsuggesikey designre-
quirementdor sucha classof protocols. Theseinclude:
ability of the MAC protocolsto dynamicallychangethe
usageof control packetswith changein contention. we
will discusghisissuefurtherin the concludingsection.

3 Experimental Setup

We now describethe detailsof the parametersised.

3.1 Measures of Performance. Average
Fairness, Latency and Throughput

We briefly describethe methodusedto reportthe aver
agebehaior of the protocols. Averagethroughputand
averagdateng is simplytheaverageover 10runsof each
protocolover the two connectiong. For averagefairness
letqg = (p1/p2) — 1if po < py andg = (p2/p1) — 1if
p1 < p2. The maximumallowed valuefor q is 5, i.e., if
g > 5 we setq to 5 to emphasizemallervalues.Average
fairesss 3.2, i, whereg; is ¢ with maximumvalue5
and normalizedinto (1, 2) interval for the ith run of the
protocol.

3.2 Understanding the effects of Route In-
teraction

Intuitively, it is clearthatthe specificrouteschoserby the
routingprotocolaffectsthe performancef theunderlying
MAC protocols.In this section,we try to understandhis
effect further. First note that althoughthe routing paths
neednothave commonnodesthey mightbecloseenough
soasto causeMAC protocolsat nearby transcerersto

interact. Considerthefollowing settingillustratedin Fig-

ure2(a). We have shavn threepathsfrom 1 to 2 andsim-
ilarly threepathsfrom 3 to 4. The pathsl — 6 — 2 and
3 — 5 — 4 arecompletelynon-interfering Pathsl — z — 2

and3 — z — 4 sharethenodez andthusclearlyinterfere.
Thepathsl — y — 2 and3 — z — 4 areinteresting.These
pathsdo not sharenodesbut influenceeachother since
y and z cannotsimultaneouslytransmitunderthe radio
propagatiormodel.

Examplel: Thisexampleillustratesthe effectof paths
choserby a routing protocolon the systemperformance.
Theunderlyingnetwork is shavn in Figure2(b). We used
49 nodesto producea grid of 7x7 nodes. The nodesin
this experimentwerepositionedat a distanceof 50 meters
(i.e. grid unit = 50m) from eachothergaininga physical
sizeof the grid of 300x 300 meters. Note that transmis-
sion radii from nodesin the very left column cannotdi-
rectly communicatewith nodesin the very right column,
andvice-versa.In this particularexample,we useCSMA
astheunderlyingMAC layer protocol. We have two con-
nections:onegoingfrom z to y andtheotherfrom z to w.
Theendpointsof thetwo connectionsvereplacedin such
awaythatif theroutingprotocolchoosesheshortespath
therewould be no interferencebetweenthe z-y connec-
tion andthe z-w connectionseeFigure?2. If therouting

2This givesatotal of 20 runs,10 from eachconnection.
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. Network topologies: mediumconnectvity grid (Figure 5(a)(A)), high connectvity grid (Figure 5(a)(B)) and

6Xx6-3x3-6x6corridor grid (Figure 5(b)). The choiceof the networks is basedupon earlierwork in [BD+94,
WS+97

. Number of connections. Unlessotherwisestatedwe usetwo connections.
. Routing protocol : AODV, DSR,LAR schemel.

. Theinitial pacletsizewas512bytes thenumberof pacletswas1,000,andtheinjectioninterval was0.1second.

Eachtime theinjectioninterval wasreducedy afactorof 2, we alsoreducedhe paclet sizeby afactorof 2 but
increasedhenumberof pacletsby afactorof 2. For example,if theinjectioninterval washalvedto 0.05seconds
thenthe new paclet sizewas256 bytesandthe new numberof pacletswas2,000. This allowed usto keepthe
injectionatinputnodesconstantn termsof bits persecond.

. The bandwidthfor eachchannelwas setto 1Mbit. Otherradio propagatiormodeldetailsare asfollows: (i)

Propagatiorpath-lossmodel: two ray (ii) Channelbandwidth: 1 Mb (iii) Channelfrequeng: 2.4 GHz (iv)
TopographyLine-of-sight(v) Radiotype: Accnoise(vi) Network protocol: 1P (vii) Connectiortype: TCP

. Simulator used: GlomoSim.
. Thetransmissiomangeof transceier was250 meters.
. Thesimulationtime was100seconds.

. Hardwareusedin all casesvasa Linux PCwith 512MB of RAM memory andPentiumlll 500MHz micropro-
cessor

The following information was collectedto measurethe performance:(i) Averageendto enddelay for each
paclet asmeasuredn secondglateng), (ii) Total numberof pacletsreceved, (i) Throughputin bits/second
and(iv) Total numberof control pacletsatthe MAC layerlevel.

protocolchooses lessthanoptimalrouting, interference
betweerconnectionwill arise.
Several modesof operationswere obsened. One of

Figurel: Parametersisedin the Experiments.

wediscardedmallfluctuationsandregardedsuchre-
sultsasidentical.

Using the notation («, 3,) to denotethatin ~ runs of

themoccurredwhentherouting protocolfoundthe short-
estpathfor theconnectionsin this casethenumberof re-
ceivedpaclketsatsinkwas1,000,i.e.,100%.In thesecond
casetheroutingprotocoldid notfind the shortespathfor
oneof the connectionsThis causednterferencebetween
the two connectionsand resultedin delivering only one
pacletfor theconnectionThefour basicmodesof opera-
tion from 15differentrunsaresummarizedhere.Different
modeswerecountedasfollows:

1. We considered.,000receivedpacketsfor connection
1, andO receved pacletsfor connection?2 the same
as0 for connectionl and1,000for connectior?, i.e.,
in general,we regardedsymmetricresultsto be the
samefor thetwo connections.

. If the numberof pacletsreceived for a connection
wase.g. 995we countedit as1,000,i.e.,in general,

the experiment,the numberof pacletsreceved by con-
nectionsl and2 werea and g respectiely. The exper
iments shaved the following four modes: (1000, 0, 6),
(1000, 500, 5), (500, 500, 3), (1000, 1000,1). Thusonly
in 1 case,both connectionsreceved equal number of
paclets. In contrastfor 6 runs, one connectionreceved
all the pacletswhile the otherconnectiondid not recevve
ary paclets. We seethat the routing protocol (AODV) 3
managedo find the shortespathonly in onecase.

Example 2 As anotherexample,we considerhow the
path lengthsand the location of connectionsaffect the
MAC protocolperformanceFor this experimentwe con-
sidertwo differenttopologies.In thefirst casewe fix the
grid (12 x 7 nodes,1 grid unit = 100m). For eachvalue
of injectionratedo thefollowing: (i) First collectresults

3We have runthis experimentalsowith DSR. In thatcasetherouting
performancevasworsethenthatof AODV.
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Figure2: (a) lllustratingschematicallyhe effect of routingpathson MAC layerprotocols.Thepositionof transcevers
is shovn asdotsandfor clarity the rangeof the centertransceier and the transcever at the left bottom corneris
shawvn. (b) Examplel: Effect of routing protocols. The topologyinducedis sameasin Figure(a). Thefigure shavs
thepossiblepathsusedby the protocol. Therearetwo parallelconnectiongsunningalongthe boundary

for a single connection. This is shavn by the thick line

betweenr andy in Figure 3(a). (i) Runthe experiment
for 2 connectionghat are very far away. This is shovn

asconnectiong — u andr — s in Figure 3(a). Caseqi)

and (ii) provide uswith the basecases.Thefirst tells us
the basicvariationintroduceddueto the simulatorwhile

the secondcaseyields a basecasein termsof how much
effect a routing protocolhaswith no interactionbetween
connections.(iii) Runthe experimentwhenthe two con-
nectionsare very closeasshovn by 2 — y andw — z.

(iv) Finally, runit for connectionghatareslightly further
off. Thisis alsoshawvn in Figure3(a). For eachvalueof

injection rate,we measuredateng, the numberof pack-
etsreceivedandthe throughputof eachof thethreeMAC

protocols.

In the secondsub-experimentwe usedthreeline graphs
of varying length to reasonaboutthe influence of the
length of route usedin transportationof paclets from
sourceto destination. The length of line graphswere 7,
15,and30 nodes.Therationalwasto shawv thatlengthof
routehasaneffecton lateng of pacletsandalsoto quan-
tify this lateng. The minimum connectvity for startand
end nodeswas two and maximumconnectvity was six.
Thesetupis depictedn Figure3(b).

Figure 4 shavs the average fairness, latengy and
throughputfor Non-interferingand Very-Closeconnec-
tions connectiongfor the three MAC protocols. L and
H extensionsrefer to low and high injection ratesre-
spectvely. In caseof non-interferingconnections,all
MAC protocolsbehae equallywell in termsof average
fairness’ lateny and throughputexcept for MACA at
high injection rate. MACA-H appearsmore unfair, have

4Herefairnesss measuredy thedeviation from beingperfectlyfair.
Sohigherthefairnessmeasurer deviation, moreunfair a protocolis.

higherlateny andlower throughput.However, whenthe
connectionsare very close and interfering, 802.11 and
MACA athighinjectionrate,aremoreunfair, have higher
lateng and lower throughputcomparedto CSMA. Al-
though,802.11at low injectionrate,is the mostfair with
leastlatengy andbestthroughputamongall the MAC pro-
tocols. The graphsfor partially-interfering connections
andsingleconnectiorareomittedhereto avoid repetition.
However, thefollowing conclusionsummarizeéheresults
for theentireexperiment.

1. 802.11and CSMA shav almostidentical behaior
whenwe comparehesingleconnectiorandtwo con-
nectionsthat are far apart. In caseof MACA there
was a differencebetweenthe two caseswhich may
have beencausedy theinteractionbetweerMACA
andtherouting protocol, AODV. Suboptimakouting
increasedinteraction betweenthe two connections
andthe lack of carriersensingin MACA becamea
factor

2. Allocation of resourcesn the caseof the two con-
nectionsthat are slightly apartis characterizedy
worst performanceof CSMA at all injection rates,
and802.11at high injectionrate. In caseof CSMA
thisis causedy thesimplicity of theprotocol,andin
caseof 802.11this is causedy interferenceof con-
trol pacletsathighinjectionrate.

3. Even from this simple setting we can seethat no
MAC layerprotocoldominates.

In thesecondsetof experimentsve shav relationbetween
thelengthof routeandbasicperformancgarametersuch
aslateny andpacletsreceved. The setupis shovn Fig-
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ure 3(b). The basicconclusionsrom this setof experi-
mentare:

1. Latengy andnumberof controlpaclketsincreasewith
thelengthof theline graph,andthe numberof pack-
ets received decreasewith the length of the line
graph.

. In simple settingswith low interaction,CSMA per
forms much betterthan the more advanced802.11
or MACA. For MAC layer protocolswith advanced
RTS/CTScontrol packet mechanismsgeterioration
comesat lower injectionratedueto increasednter-
actionbetweerdataandcontrolpaclets.

We briefly discusghe specificparametewvalueschosen
in this paper Thevalueshave beenchosenby takinginto
accounthefollowing guidelines:(a) the sizeof networks
and the numberof connectionsvere chosenkeepingin
mind the computationalimitations of the currentsimula-
tor andthe numberof runswe wishedto perform,(b) the
typeof networkschoserwasmotivatedby theearlierstud-
iesin [DPROO, DP+, WS+97 NK+99, BD+94] and the
specificgoal of shaving interactionbetwenthe MAC and
routinglayer, (c) Theinjectionratechoseris onthehigher
sidewhencomparedo otherstudiesbut still very realis-
tic. Moreover, thisis donein settingswheretheresultsare
interpretable to the extent possible,simpleinstancesre
chosernto effectively argueaboutanissue.

4 Characterizing Interaction Using
Statistical M ethods

We setup anexperimentwhich evaluateghe performance
of the following four factors;the MAC protocol, routing
protocol,network topologyandtheinjectionrate. Eachof
thesefour factors(variables)have threelevels (valuesthe
variablegake) asdescribedn Section2. This experiment
generates* 81 distinct scenariosy using different
combinationf MAC, router, network andinjectionrate.
For eachscenariowe generate20 replicates/samplefor
the analysis.Our performancematrix for this experiment
consistof threemeasurese. lateng, numberof paclets
recevedandthefairness.

Using statisticalmethodswe studywhetherthesefour
factorsinteractwith eachotherin a significantway. In
the presenc®f interaction the meandifferencedbetween
the levels of onefactorare not constantacrosslevels of
the otherfactor A generalway to expressall interactions
is to saythatthe effect of onefactorcanbe modified by

anotherfactorin a significantway. In our analysis,we
analyze,if the above four factors,interactin their effect
on the performancemeasure We performthreedifferent
analysispnefor eachperformanceneasuréo obsenethe
interactionamongfactors.

Approach: We first constructa matrix of 4 dummyvari-
ables.For eachfactorwe createa dummyvariable. This
variabletakesa value 1, 2 and 3 dependingupon which
level of the factoris switchedon during the calculation
of the performancemeasure. For example, the dummy
variablefor MAC protocol, would take a value 1 when-
ever 802.11is being usedto calculatethe performance
matrix, value 2 whenerer CSMA protocolis being used
andvalue 3 whenerer MACA is being usedto calculate
theperformancematrix. Similarly, for theroutervariable,
the dummytakesa valueof 1 whenerer AODV protocol
is being usedand value 2 whenever DSR is being used
andvalue3 whenever LAR1 is beingusedto calculatethe
performancenatrix. To calculatanteractiondetweerthe
factorswe usea statisticatechniqueknown asanalysisof
variance(ANOVA). It is ausefultechniqudor explaining
the causeof variationin responsevariablewhendifferent
factorsareused.Thestatisticabetailsdiscussedbelow are
routineandareprovidedfor thecorvenienceof thereader
For more detailson the techniquesusedin this analysis,
referto [GH96, Ron9(. Giventhatwe have four factors,
we usea four factorANOVA.

Mathematical Model: The appropriate mathematical
modelfor a four factorANOVA is asfollows:

Yijkim = pta;+ B+ +8+(af);;+ () +(ad); +

+(5'Y)jk + (/35)]'1 + (70) + (a/B’Y)ijk + (a/B(s)z'jl"_
+(ay0) + (B’Y(s)jkl + (0‘/876),'1'191 + Eijkim

wherey;;rm is the measuremendf the performance
variable(e.g. lateng) for theith network, jth router, kth
MAC and lth injection rate. m is the numberof repli-
cateswhich is 20 in our experiment. «; is the effect of
network topology, §; is the effect of the routing proto-
col, v is the effect of the MAC protocoland §; is the
effect of the injection rate on the performancemeasure.
The two way interactiontermsare; (a/3),;, which cap-
turesthe interactionpresentbetweenthe network topol-
ogy andthe routing protocols; (ary),,, Which measures
theinteractionpresenbetweerthe network topologyand
the MAC protocols;(ad),,, measureshe interactionbe-
tweenthe network topologyandtheinjectionrates.Simi-
larly, (87) ;;» measuresheinteractionbetweertherouter
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Figure5: (a) Mediumandhigh connectvity grid of 7 x 7 nodes.(A) mediumconnectvity, and(B) high connectvity.
(b) Corridorgrid. Two 6 x 6 grid connectedvith a3 x 3 grid.

andthe MAC protocol. (36),;, the interactionbetween
the routerandinjection rates; (vd),,, the interactionbe-
tweenthe MAC protocolsand the injection rates. The
threeway interactiontermsare; (37),;;, which captures
the interactionpresentbetweenthe network, router and
MAC protocols;(a39d),;,, theinteractionpresenbetween
the network, routerandinjection rates; (ayd),,,, thein-
teractionpresenbetweerthenetwork, MA C andinjection
rates;(8v4) ;;,, theinteractionpresenbetweertherouter
MAC andinjectionrates.Finally the four way interaction
is measuredby (a3v9d),;;, whichincludesall thefour fac-
tors. €45xm is therandomerror.

Model Selection and Interpretation: The modelselec-
tion methodconsideredereis calledthestepwisenethod.
This methodassumesan initial model and then addsor
deletestermsbasedon their significanceto arrive at the
final model. Forward selectionis a techniquein which
termsare addedto an initial small modeland backward
eliminationis atechniqudn whichtermsaredeletedrom
aninitial largemodel.Ouranalysiss basednthemethod
of badkward eliminationwhereeachtermis checled for
significanceand eliminatedif found to be insignificant.
Our initial model is the largest possible model which
containsall the four factor effects. We then eliminate
termsfrom theinitial modelto eventuallyfind thesmallest
modelthatfits the data. The reasonfor trying to find the
smallestpossiblemodelis to eliminatefactorsandterms
thatarenotimportantin explainingtheresponseariable.
After eliminatingredundanfactors,jt becomesimplerto
explain the responsevariablewith the remainingfactors.
The smallermodelscannormally provide more powerful
interpretations.

To testfour way interactionbetweenthe MAC, rout-
ing protocol, network andinjectionratesin effecting the
responseariable we performthefour factorANOVA us-

ing theabove mathematicaimodel. Thisiis alsocalledthe
full/saturatedmodelsinceit containsall 1-way, 2-way, 3-
way and 4-way interactions. After running this model,
we calculatethe residualsum of squares® and refer it
by 55(14), which standsfor residualsumof squaredor
modelnumberl4. The degreesof freedom® is referred
by DF(14). Now we dropthe 4-way interactiontermi.e.
(aB76),;1, andrerunthe ANOVA model. The resultant
modelhasnow only have 1-way, 2-way and3-way interac-
tion terms.Fromthis model,we cancalculatetheresidual
sumof squaregor model13,i.e. SS(13) anddegreesof
freedomfor model13, DF'(13). We now comparemodel
14 with model 13 to find out if the 4-way interactionis
significant. If the F'-statisticturnsout to be insignificant,
we cansaythat 3-way interactionmodeli.e. modelnum-
ber13 canexplain theresponsevariableaswell asmodel
14. This implies thatmodel 14 canbe droppedoff with-
outloosingary information. Next we testfor eachtermin
model13 andcheckwhich onesaresignificant. Any term
thatis notimportantin affectingtheresponseariablecan
thenbe droppedoff. This is achiesed by droppingeach
3-way term oneat a time andthencomparingthe result-
ing modelwith model13. In ourtablesmodel9to 12 are
beingcomparedvith modelnumberl3. If the F'-statistic
is significantafter droppingoff the term, it implies that
thetermthatwasdroppedoff playeda significantrole and
henceshouldnot have beendropped. After checking3-
way interactionswe compareall 2-wayinteractionmodel
(model8) with all 3-wayinteractionmodelto seeif there
is a smallermodelthat canfit the dataaswell asthe 3-
way interactionmodel. Justlik ethe 3-way model,we then

SFor aregressiormodel,Y; = o + 8X; + e;, theresidualaree;
Y; —a— BX; andtheresidualsumof squaress Zi(ei)2 = Ei(Yi -
a—BX;)?

6The numberof independenpiecesof informationthat go into the
estimateof a parameters calledthe degreesof freedom.



drop off oneterm at a time from model 8 and compare
the new modelswith model8 to find out which of the 2-
way interactionsare mostsignificant;in the table, model
2-7 arebeingcomparedvith model8. We continuewith
the eliminationprocesdill we find the smallestpossible
modelthatexplainsthedata.

The sumof squaresdegreesof freedomandthe F'-test
valuefor eachof the modelsis shavn in the Table1. In-
teractioncolumnshavswhichinteractionsareincludedin
the model. Finally the F'-testis calculatedusingthe fol-
lowing statistic:

SS(a) — SS(b)/DF(a) — DF(b)

F =
SS it/ DFpun

where SS(a) is the sum of squaregesidualsfor model
a andSS(b) is the sumof squaresesidualsfor modelb.
Similarly DF'(a) is the degreesof freedomfor modela
and DF'(b) is the degreesof freedomfor modelb. The
S St is the sumof squaregesidualsfor the full model
(largestmodel)i.e. themodelwith all thefour interaction
terms.D Fy,; is thedegreesf freedonfor thefull model.
Performance measure-Latency:  Table 1 shaws the
ANOVA results. Columns4-6 show the resultsfor the
responsevariablelatency We startwith aninitial model
with all the 4-way interactionsand compareit with all 3-
way interactiongnodel. Model 14 is beingcomparedvith
model13. The F-test,0.67, shavs thatthe model 13 fits
thedataaswell asmodel14 sothefour way interactionis
not significant. Similarly, we try to find which 3-way in-
teractionsaresignificantandtry to find themostimportant
combinationby droppingeach3-way term oneat a time.
Looking at the F'-testresultsof modelnumbers9 to 12,
we find model9 to be the mostsignificantandmodel 12
to be maminally significant. From thatwe concludethat
the network, MAC and injection ratesinteractmost sig-
nificantly. Also, thenetwork, routerandthe MA C interact
significantlyin 3-way interaction.Notethatthesewerethe
combinationghatweredroppedoff in models9 and12.
To find outif thereis asmallermodeli.e. modelwith 2-
way interactionghat canfit the dataaswell asthe 3-way
interactionmodel,wefurtherlook atthe2-wayinteraction
models. We startby looking at a complete2-way inter-
actionmodel,i.e. modelnumber8 andthendrop off one
termatatime. The F-testvaluesconcludethatthe mostof
the 2-way interactionsaresignificant. The only exception
is the interactionbetweerrouterandinjection rate. Now
we createa modelwith only the 2-way significantinter-
actiontermsandcompardt with amodelcontainingonly
the 3-way significanttermsto find thatthe smallestmodel

thatfits the data. If the F'-testfor thesetwo modelsturns
outto besignificant,we concludethatthe smallestmodel
includes[RM I[N RM], which meansthat these3-way
interactionscannotbe explainedby the 2-way modeland
hencecannotbe droppedoff. Our resultsfind thatto be
true implying thatindeed[RM I][N RM] is the smallest
possiblemodel.

Performance measure: Number of packets received
Columns7, 8 and9 in Table1 shov the ANOVA results
for the responsevariable“packetsreceved”. The inter
pretationof the resultsis similar to the responsevariable
“latency”. The interactionresultsare also very similar
to the lateng results. Again we find that the four factor
interactionis not significant. Among the 3-way interac-
tions, F-testshaws thatthe network, MAC andinjection
ratesinteractmostsignificantly The network, routerand
the MAC alsointeractsignificantlyin 3-way interaction.
Amongthe 2-way interactionterms,the routerandinjec-
tion ratesarethe only onesthatshow insignificantinterac-
tion, all other2-way interactionsturnedout to be signifi-
cant. As before,we find thatthe routerandinjectionrate
have very significantinteractionin affecting the number
of pacletsreceved. In this casealso,the smallestmodel
hasonly [RM I[N RM] 3-way interactionterms.
Performance measure: Fairness Thelastthreecolumns
of Table1 shavs the ANOVA resultsfor variousmodels
usinglongtermfairnessastheperformanceneasureThe
initial setupfor afour way interactioneffect of thefactors
onthe fairnessmeasuras doneasexplainedbefore. The
only exceptionis thatnow we have 10 runsinsteadof 20
for eachof the81 scenariosnentionecabove.” Theresults
shav thatboth 4-way and3-way interactionsareinsignif-
icantin affecting the fairness. Looking at the resultsof
2-way interactionsbetweenthe factors,we find that the
routerand MAC protocolinteractin the mostsignificant
way in affectingthe fairness.Theinteractionbetweerthe
network andMAC is alsosignificantbut not to the extent
of routerand MAC interaction. In this case the smallest
modelhasonly [RM][N M] 2-way interactionterms.

5 Further Results and Qualitative
Explanations
We try to quantify the statisticalresultspresentedn Sec-

tion 4 by taking a closerlook at performancevariables
latengy, percentagef pacletsrecevedandthe numberof

"Thisis dueto thefactthatfairnessneasuras calculatedoy takinga
ratio of the numberof pacletsreceved for thetwo connections.
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Responsé&/ariable Lateny Num. of PaclketsRecd. Fairness
No. | Interaction Source SS DF F-test SS DF F-test SS DF | F-test
1 All 1-way [N][R][M][I] 18733.78| 1611 | 12.61* | 1875199 1611 | 21.92* 3.86 x 109 801 | 5.48*
2 2-way [NR|[NM][NI|][RM][RI] 16429.57 | 1591 | 15.22* | 1535050 1591 | 31.77* 3.33 x 10° 781 1.38
3 2-way [NR|[NM][NI|[RM][MI] 15882.91| 1591 0.88 1433837 | 1591 2.08 3.31 x 10° 781 0.59
4 2-way [NR|[NM][NI][RI|[MI] 16434.59 | 1591 | 15.35* | 1454324 | 1591 | 8.09* 3.71 x 10° 781 | 24.21*
5 2-way [NR|[NM][RM][RI|[MI] 15998.74| 1591 | 3.91* 1465026 | 1591 | 11.23* 3.32 x 10° 781 0.81
6 2-way [NR|[NI|[RM][RI][MI] 17168.48 | 1591 | 34.60* | 1682018 | 1591 | 74.88* 3.36 x 10° 781 3.6*
7 2-way [NM][NI|[RM][RI][MI] 16069.16 | 1591 | 5.77* 1438545| 1591 | 3.46* 3.34 x 10° 781 2.3
8 All 2-way | [NR]|[NM][NI|[RM][RI|[MI] | 15849.33| 1587 | 3.5* 1426720 | 1587 | 3.71* 3.30 x 10° 77 0.77
9 3-way [NRM][NRI|[NMI] 15346.48 | 1563 | 7.5* 1393866 | 1563 | 10.05* | 3.182 x 10° | 753 0.89
10 3-way [NRM][NRI|[RMI] 14908.73| 1563 1.76 1331645| 1563 0.93 3.188 x 10° | 753 1.07
11 3-way [NRM][NMI|[RMI] 14919.62 | 1563 1.91 1329497 | 1563 0.61 3.181 x 10° | 753 0.88
12 3-way [NRI|[NMI|[RMI] 14999.95| 1563 | 2.9* 1347649 | 1563 | 3.27* 3.21 x 109 753 1.75
13 | All 3-way [NRM][NRI|[NMI|[RMI] 14774 1555 0.67 1325312 | 1555 0.99 3.15 x 10° 745 1.15
14 | All 4-way [NRMI) 14672.34| 1539 1311724 | 1539 3.07 x 10° 729

Table 1: Results of Four-Factor ANOVA: This table shavs resultsof four-factor ANOVA wherethe factorsare
network topology, routing protocol, MAC protocolandthe injectionrate. The responseariable or the performance
measues are the lateng/, numberof paclets received and fairness. x shaws that the F-testis significantat 99%

confidencdevel.

controlpacletsatthe MAC layerlevel.

5.1

I nterdependency of MAC, Routing Pro-
tocol and Networ k Topology

Table 2 shows the variationin performanceangeof la-
tencyand padkets receivedas the injection rate changes
from high to low. Following importantobsenationscan
be madeaboutthe behaior andinteractionof MAC, rout-
ing andthe networks:

1.

Onetypically getshigherlatengy whenusing DSR.
This is true over all networks and MAC proto-
cols. The working hypothesisis the following (i)

the paclet sizes are generally larger while using
DSRsinceentirerouteinformationis embeddedn a
pacletand(ii) theroutediscovery processs initiated
everytime apaclketneedgo besent.Moreover, each
RREQrecevedatthedestinatioris reciprocatedvith

aRREPpaclet.

. In generallateny increasessubstantiallywith in-

creasednjectionrate. First notethatlateng is only
measuredor pacletsthat arereceved successfully
Increasednjectionrateimplies higherprobability of
collision and lower probability of finding free re-
source.Thisin turnimplieshigherlateng.

. In generalJower theinjectionrate,higheris the per

centageof pacletsreceved. This is true sincethe
probability of collision is smallerat lower injection
rates.

4. For medium and high connectvity grid and for
all injection rates, the system performs the best
whenusing802.11. This holdsfor all routing pro-
tocols. The results points out the utility of the
CSMA/RTS/CTS/ACK mechanism.

5. Theoverallperformancef the systems worstwhen
usingMACA asthe MAC protocol. From thesere-
sultsit is fair to concludethat just the RTS/CTS
mechanismin itself is not sufiicient to improve
throughput. But noting the performanceof 802.11,
one concludesthat CSMA/RTS/CTS/ACK mecha-
nismdoesyield goodresults

5.2 Spatial Distribution of Control Packets

We carriedout further investigationon the spatialdistri-
bution of controlpaclketsgeneratedh our simulations.To
explainour resultswe focuson grid squarechetwork with
mediumconnectvity with two parallel connectionsand
shavn in Figure6, 7, 8. To consere spacewe only shov
graphicakresultsfor the802.11protocol. However, results
of bothMACA and802.11aresummarizedelow.?

1. The higher the injection rate, the higher is the
numberof control paclkets (normalized)generated.
This is an expectedresult. At medium injection
rate, 802.11/LAR1 generatedmore control pack-
etsascomparedo 802.11/A0DV and802.11/DSR.
At high injection rate,802.11/A0DV generatedhe

8CSMA is omitted since no control paclets are generatedunder
CSMA.
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Medium Connectvity Grid: Performanceangeover varyinginjectionrate
802.11 CSMA MACA
AODV DSR LAR1 AODV DSR LAR1 AODV | DSR | LAR1
Lateny | 0.009-0.02| 0.01-0.02| 0.01-0.02| 0.02-0.01| 2-3 | 0.02-0.04| 2-0.02 | 1-0.05| 1-0.04
%Pkts. | 100-100 | 100-100 | 100-100 | 90-98 | 75-64| 92-97 62-88 | 62-83 | 72-98
High Connectvity Grid: Performanceangeoverinjectionrate
802.11 CSMA MACA
AODV DSR LAR1 AODV DSR LAR1 AODV | DSR | LAR1
Latenyy | 0.01-0.01 | 0.01-0.01| 0.01-0.02| 0.02-.05| 1-4 0.01-1 | 10-0.01| 4-0.06| 9-1
%Pkts. | 100-100 | 100-100 | 100-100 | 53-58 | 36-25| 38-23 8-80 | 10-75 | 23-72
CorridorGrid: Performanceangeoverinjectionrate
802.11 CSMA MACA
AODV DSR LAR1 AODV DSR LAR1 AODV | DSR | LAR1
Lateny 2-0.02 6-0.06 3-2 0.01-0.03| 3-3 | 0.01-0.06| 2-0.02 | 3-0.09| 2-0.04
%Pkts. 10-88 18-85 20-62 48-50 | 38-40| 58-56 20-76 | 18-52 | 18-68

Table 2: This tableshows the latengy and numberof pacletsreceived (%) asfunction of injection ratefor the three
networksi.e. mediumconnectvity, high connectvity andcorridor grid. The performancéas shavn asa rangeover
decreasingnjectionrate. Notethatthe injectionratesareinverselyrelatedto theinjectioninterval. For eachfigureis

annotatedvith the correspondingnjectioninterval.

least number of control paclets as comparedto
802.11/LAR1and802.11/DSR.

2. MACA alwaysgeneratedubstantiallymore control
pacletsascomparedo 802.11. The reasonfor this
is simple: dueto absencef carriersensingmecha-
nism,thenumberof collisionsincreasesubstantially
causingn turnanincreasingn thecontrolpaclets.

3. Figure 6, 7, 8 clearly shov the transcevers gener
ating the MAC control paclets are correlatedwith
the pathschosenby the routing protocol. Figures8
shaws lessemumberof control pacletsfor high in-
jection rate as comparedto mediuminjection rate.
This seeminganomalyis easilyexplainedwhenone
noticesthat the throughputat theseratesis substan-
tially smallerand hencethe intermediatenodesdo
not have asmuchwork to do.

The obsenationsmadein this sectionclearly suggest
thatresultsandperformancehangesignificantlydepend-
ing uponwhatcombinatiorof routingprotocol, MAC pro-
tocol, network andinjectionratesarebeingused.Thein-
teractionsamongthesevariablesaffecteachothersperfor
mancein complicatedvays.

6 Concluding Remarks

We undertooka detailedstudy to quantify the effects of
ad-hocrouting protocolson MAC protocols. This study

extendsthe earliersimulationbasedexperimentalwork in
[DPROQ DP+,BM+98,KV98, RLP00,RS94. Intuitively
it is clearthatdifferentlevelsin the protocolstackshould
affecteachotherin mostcasesut thisissueis investigated
more rigorously here; our resultspoint out someof the
subtletiedgnvolved.

An importantimplication of our resultsand thosein
[BS+97, RLPOQ]is thatoptimizingtheperformancef the
communicationnetwork by optimizing the performance
of individual layersis not likely to work beyond a cer
tain point. We needto treatthe entirestackasa singleal-
gorithmic constructin orderto improve the performance.
Specifically optimizing a particularlayer might improve
the performanceof that layer locally but might produce
non-intuitive sideeffectsthatwill degradetheoverallsys-
temperformanceTheissueis likely to becomemoreim-
portantin adhocnetworkswherethetopologyis changing
constantlyandhenceit is not even easyto discernwhat
shortespathsmean.

The resultsalso motivate the needfor dynamicadap-
tive mega protocolsthat perform say the MAC/routing
taskssimultaneously For instance,it is plausibleto ex-
tractgoodfeatureof individual protocolsto constructhe
mega protocols. Examplesof this include: (i) Having
RTS/CTS/ACK mechanismbput with the ability to shut
it down in timesof low traffic, (ii) routing protocols,that
uselocationinformationaswell assmall amountsof in-
formationaboutintermediatenodes.
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Figure 6: MAC control paclets for (802.11,/0DV) combinationfor three differentinjection intervals (.05, .025,
.0125).Notethat smaller injection interval implies higher injection rate.
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Figure7: MAC controlpacletsfor (802.11,DSRombinatiorfor threedifferentinjectionintervalsof .05,.025,.0125
seconds.
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